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Syn thes i s  s t u d i e s  of t h e  daytime l u n a r  atmosphere have been 
d i r e c t e d  toaa rd  improved unders tanding  of fundamental l u n a r  atmospheric  
dynamics and t h e  r e l a t i o n s h i p  of t h e  d e t e c t a b l e  atmosphere t o  p h y s i c a l  
p roces ses  of t h e  l u n a r  s u r f a c e  and i n t e r i o r .  The pr imary sou rce  of 
d a t a  used i n  t h i s  r e s e a r c h  is t h e  Apollo 1 7  l u n a r  s u r f a c e  mass s p e c t r o -  
meter, which provided e x c e l l e n t  measurements of t h e  synod ic  v a r i a t i o n  
4 
of 4 0 ~ r  and He a t  t h e  l and ing  s i t e  through most of 1973. 
P re l imian ry  r e s u l t s  of t h e  a rgon  and hel ium r e s e a r c h  have been 
r e p o r t e d  by-Hodges (1975) and f u r t h e r  p rog res s  was p re sen ted  a t  t h e  
S i x t h  Lunar Sc ience  Conference by Hodges and Hoffman (1975a,b) .  A 
more d e t a i l e d  paper  on t h e  i t qp l i ca t ions  of argon escape  on t h e  i n t e r i o r  
s t r u c t u r e  of t h e  moon i s  now i n  p r e s s  (Hodges and Hoffman, 1 9 7 5 ~ ) .  
Evidence of  moelcular  ~ s s e s  i n  t h e  daytime l u n a r  atmosphere .. - has  been 
g iven  by Hoffman and Hodges (1975): 
Concent ra t ion  of t h e s e  s t u d i e s  on t h e  argon and hel ium problems 
has  been f r u i t f u l  n o t  on ly  because of t h e  a v a i l a b i l i t y  of good measure- 
ments,  b u t  a l s o  because t h e  temporal  v a r i a t i o n s  of each  gas  g i v e  impor t an t  
c l u e s  t o  t h e  n a t u r e  of c e r t a i n  geochemical and p h y s i c a l  p r o p e r t i e s  of 
4 0 t h e  moon. B r i e f l y ,  t h e  A r  is r a d i o g e n i c  and i ts escape  r a t e  from t h e  
l u n a r  atmosphere r e q u i r e s  r e l e a s e  of a s i g n i f i c a n t  f r a c t i o n  (about  8%) 
of  t h e  argon produced from t h e  decay of 4 0 ~  w i t h i n  t h e  moon. ~ u r t h e r m o r e  
t h e  p roces s  of a r g o l  r e l e a s e  from t h e  s o l i d  moon is t ime va ry ing  and 
r e l a t e d  t o  s e i smic  a c t i v i t y .  Most of  t h e  hel ium on t h e  moon is due 
,: 
t o  release of implanted s o l a r  wind a p a r t i c l e s  from t h e  r e g o l i t h .  
The remainder of t h i s  r e p o r t  is d iv ided  i n t o  two p a r t s ,  one 
on argon and t h e  o t h e r  on helium. Each d i s c u s s i o n  i s  e s s e n t i a l l y  a  
condensa t ion  of r e s u l t s  which have o r i g i n a t e d  mainly from r e s e a r c h  
suppor ted  by t h i s  g r a n t .  The m a t e r i a l  is  e x t r a c t e d  from r e c e n t  pub l i -  
c a t i o n s  and from papers  now i n  p r e p a r a t i o n .  
I m p l i c a t i o n s  of 4 0 ~ r  Escape on t h e  Lunar I n t e r i o r  
The f a c t  t h a t  argon i s  an  impor tan t  a tmospheric  s p e c i e s  i s  
somewhat puzz l ing  i n  view of t h e  d i f f i c u l t y  involved  i.n t r a n s p o r t i n g  an  
a rgon atom from i t s  p l a c e  of format ion  deep w i t h i n  t h e  s o l i d  moon t o  t h e  
s u r f a c e  and then  i n t o  t h e  atmosphere. Th i s  has  spur red  t h e  development 
of a succes s ion  of p r o g r e s s i v e l y  more r e a l i s t i c  models of t h e  argon 
atmosphere ( c f .  Hodges e t  a l .  ; 1974, Hodges and Hoffman, 1974a ,  and ~ o d g e s  
1975) ,  w i t h  a view toward a c c u r a t e  de t e rmina t ion  of t h e  r e l a t i o n s h i p  
between atmospheric  c o n c e n t r a t i o n  measurements and t h e  a rgon escape  r a t e .  
B r i e f l y ,  t h e  r a t e  of escape  of 4 0 A r  from t h e  moon appears  t o  be v a r i a b l e ,  
implying a n  e p i s o d i c  p roces s  of r e l e a s e  of t h i s  r a d i o g e n i c  g a s  from t h e  
, 
i n t e r i o r  of t h e  moon. The average  rate of l o s s  of argon from t h e  l u n a r  
atmosphere i s  about  2  x a toms/sec ,  which i s  about  8% of  t h e  p r e s e n t  
a rgon  production. r a t e  f o r  t h e  e n t i r e  moon (2.4 x, atoms/sec)  i f  t h e  
ave rage  l u n a r  potassium abundance i s  about  100 ppm a s  sugges ted  by Taylor  
and JakeH (1974) and by Ganapathy and Anders (1974).  To pu t  t h e s e  r a t e s  
- - 
i n  p l a n e t o l o g i c  p e r s p e c t i v e ,  t h e  p r e s e n t  r a t e  of r e l e a s e  of  4 0 ~ r  needed 
t o  account  f o r  i t s  1% abundance i n  t h e  t e r r e s t r i a l  atmosphere should b e  
abou t  1.1 x atoms/sec i f  t h e  f r a c t i o n  of  t o t a l  p roduc t ion  e f f u s i n g  
i n t o  t he  atmosphere h a s  remained c o n s t a n t  over  geo log ic  t ime.  For a  
l u n a r  equ iva l en t  mass of e a r t h  t h i s  r a t e  amounts t o  1 .4  x atoms/sec.  
It i s  s u r p r i s i n g  t h a t  a l though t h e  r a t e s  o f  e f f u s i o n  of  4 0 ~ r  
from the  moon and e a r t h  a r e  cemparable,  t h e i r  t o t a l  a tmospher ic  abundances 
d i f f e r  by more than 15 o r d e r s  of magnitude. The answer t o  t h i s  puzz l e  
l i e s  j.n d i f f e r i n g  e scape  p roces ses .  On e a r t h  t h e  escape of  argon i o n s  
is  i n h i b i t e d  by t h e  geomagnetic f i e l d ,  s o  t h a t  a lmost  a l l  of t h e  argon 
e v e r  r e l e a s e d  i s  now p r e s e n t  i n  t h e  atmosphere.  However, t h e  l a c k  of 
b o t h  a  l u n a r  magnetic f i e l d  and an ionosphere  a l l ows  t h e  s o l a r  wind t o  
impinge d i r e c t l y  on t h e  p l a n e t ,  and hence, t o  a c c e l e r a t e  any i o n s  formed 
n e a r  t h e  moon.' A s  a r e s u l t  t h e  average  l i f e t i m e  f o r  l u n a r  argon i s  only  
abou t  80 t o  100 days. The product  of l i f e t i m e  and l o s s  r a t e  g i v e s  t h e  
6 
a t m ~ s p h e r i c  argon c o n t e n t  t o  be  only about  10 gm, most of which r e s i d e s  
on t h e  n igh t t ime  s u r f a c e  a s  a  r e s u l t  of adso rp t ion .  
F i g u r e  1 shows t h e  temporal  v a r i a t i o n  of t h e  t o t a l  a rgon  l o s s  
.-- - . 
from t h e  moon due t o  pho to ion iza t ion  du r ing  1973. It should  be no ted  t h a t  
t h i s  r a t e  is p r o p o r t i o n a l  t o  bo th  atmospheric  abundance a n d ' t o  escape  r a t e .  
T r i a n g l e s  r e p r e s e n t  t h e  most a c c u r a t e  de t e rmina t ions  of t h e  p h o t o i o n i z a t i o n  
rate a t  s u n r i s e s  where t h e  c o n c e n t r a t i o n  is  g r e a t e s t .  Each c i r c l e  g ives  t h e  
r a t e  found by model, e x t r a p o l a t i o n  of a  5' l o n g i t u d i n a l  ave rage  of concen- 
t r a t i o n  t o  a n  e q u i v a l e n t  s u n r i s e  concen t r a t ion .  High v a l u e s  of t h e  c i r c l e s  
e a r l y  i n  t h e  y e a r  a r e  due t o  a decaying a r t i f a c t  c o n t r i b u t i o n  t o  t h e  low 
n igh t t ime  con-en t r a t ion .  The l a r g e  v a r i a n c e  of t h e  p h o t o i o n i z a t i o n  r a t e  
r ep re sen ted  by t h e  c i r c l e s  i s  i n d i c a t i v e  of t h e  n o i s e  i n h e r e n t  i n  t h e  n igh t -  
time c o n c e n t r a t i o n  d a t a .  
Two impor tan t  a s p e c t s  of t h e  4 0 ~ r  r a t e  show up c l e a r l y  i n  
F i g u r e  1. F i r s t ,  t h e  t i m e  average  of t h e  l o s s  r a t e  is  roughly  
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Figure 1 
The rate  of l o s s  of  4 0 ~ r  'f om the moon deduced from nigbt;ine ( c i r c l e s )  and sunrise ( tr iangles)  
%: measurements a t  the Apollo 17 s i te  during 1973. 
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2 x 1021 atoms/sec,  cor responding  t o  about  8% of t h e  t o t a l  l u n a r  
product ion  of 4 0 ~ r  i f t h e  potassium abundance i s  100 ppm. I f  a  l a r g e  
I 
f r a c t i o n  of t h e  photo ions  were t o  impact t h e  l u n a r  s u r f a c e  and sub- 
s equen t ly  become recyc led  i n t o  t h e  atmosphere,  Chen t h e  a c t u a l  sou rce  
of new atoms would be  a l e s s e r  p a r t  of t h e  product ion  r a t e .  However, 
t h e  second obvious f e a t u r e  of F i g u r e  1, t h e  t ime v a r i a t i o n  of t h e  
pho to ion iza t ion  r a t e  (and hence of argon abundance),  a rgues  s t r o n g l y  
t h a t  t h e r e  i s  very  l i t t l e  r e g o l i t h  r e c y c l i n g  of 4 0 ~ r .  The flI-.i@ trtef 
argon zecyc l ing  i s  unimportant  i s  found i n  t h e  decay of Ckt: pIrat.3 
i o n i z a t i a n  r a t e  between about  day 100 and day 150, whera 61-5 d a , . ~ y  
t i m e  cons t an t  is  roughly e q u i v a l e n t  t o  t h e  average  l i fe t t :?*z  0f ia~:ga<: 
atoms, i . e .  about  100 days.  
I f  +s i s  used t o  deno te  t h e  , t o t a l  r a t e  of supply of atoms, ba'rh nlw 
and recyc led ,  t o  t h e  atmosphere and Jli i s  t h e  p h o t o i o n i z a t i o n  r a t e ,  then  
c o n t i n u i t y  r e q u i r e s  
where T is  t h e  average  a tomic  l i f e t i m e .  F i g u r e  2 shows t h e  argon 
sou rce ,  qs, r equ i r ed  t o  supply  t h e  p h o t o i o n i z a t i o n  r a t e  shown i n  
. . .  
Figure 1 f o r  t h r e e  v a l u e s  of t h e  l ifetime r .  
An impor tan t  fe r i tu re  of e q u a t i o n  1, and hence of F igu re  2 
is  t h a t  t h e  t o t a l  argon sou rce  must i n c l u d e  a n  e s s e n t i a l l y  cons t an t  
- 
c o n t r i b u t i o n  from recyc led  atoms, and t h a t  temporal  v a r i a t i o n  of $s 
must a r i s e  from i n t e r n a l  changes i n  t h e  moon which a f f e c t  t h e  r a t e  of 
r e l e a s e  of new argon atoms. S ince  each c o n t r i b u t i o n  t o  9 i s  a  p o s i t i v e  
s 
d e f i n i t e  q u a n t i t y ,  i t  is  obvious t h a t  t h e  s t r e n g t h  of t h e  r e g o l i t h  sou rce  
Figure  2 
Rate of re le i l se  of 4 0 ~ r  from the  moon needed t a  exp la in  t h e  atmospheric 
l o s s  r a t e  d a t a  i n  Figure  2. High frequency l u n a r  t e l e s e i s m i c  events  
are denoted by T. 
of atmospheric  argon i s  l e s s  than the  minimum of t h e  supply r a t e  near  day 
140. The depth  of t h e  minimum depends on t h e  l i f e t i m e .  T h e o r e t i c a l  
argon atmosphere models f o r  a wide v a r i e t y  of s u r f a c e  parameters  have 
c o n s i s t e n t l y  given l i f e t i m e s  between 80 and 100 days. Shor t e r  model 
l i f e t i m e s  (60 t o  80 days) occur when a d s o r p t i o n  pro7-,abibity i s  inc reased  
n e a r  t h e  p o l e s ,  b u t  t h i s  is  always accompanied by a  s u n r i s e  t o  s u n s e t  
c o n c e n t r z t i o n  r a t i o  a t  t h e  Apollo 1 7  l a t i t u d e  (20") which is  s i g n i f i c a n t l y  
l e s s  than  measurements i n d i c a t e .  Thus t h e  b e s t  judgment i s  t h a t  t h e  
r e c y c l i n g  f r a c t i o n  of t h e  t o t a l  argon pho to ion iza t ion  r a t e  i s  q u i t e  sma l l ,  
probably l e s s  t han  LO%, t o  be c o n s i s t e n t  w i t h  F igure  2 and a l i f e t i m e  
i n  t h e  80-100 day range.  This  c ,onstrains  t h e  r a t e  of r e l e a s e  of r e t r a p p e d ,  
p a r e n t l e s s  4 0 ~ r  f om t h e  r e g o l i t h .  
On t h e  lower a b s c i s s a  of F igu re  2  t h e r e  a r e  t h r e e  even t s  each 
denoted by T. These mark high-frequency l u n a r  t e l e s e i s m i c  even t s  r epo r t ed  
by Nakamura e t  a l .  (1974) dur ing  t h e  argon measurement per iod .  It i s  in-  
t e r e s t i n g  t o  n o t e  t h a t  each of t h e s e  even t s  accompanies a r i s e  i n  t h e  
argon source .  I n  a d d i t i o n ,  t h e  event  on day 72 ,  which was t h e  l a r g e s t  
such  event  recorded on t h e  moon, co inc ided  w i t h  t h e  peak of t h e  argon 
source .  Owing t o  t h e  i n h e r e n t  smoothing of t h e  t o t a l  a tmospheric  a rgon  
abundance due t o  i t s  100 day l i f e t i m e ,  i t  is  no t  p o s s i b l e  t o  r e s o l v e  t h e  
a rgon supply  r a t e  d a t a  on a s  f i n e  a  s c a l e  a s  t h e  t e l e s e i s m i c  even t s .  
The sou rce  of atmospheric 4 0 ~ r  is c l e a r l y  potassium, b u t  t h e  
magnitude and t ime v a r i a b i l i t y  of t h e  argon escape  r a t e  have n o n t r i v i a l  
i m p l i c a t i o n s  on t h e  i n t e r n a l  s t r u c t u r e  of t h e  moon. What i s  needed i s  
t h e  i d e n t i f i c a t i o n  of t h e  means by which about  8% of t h e  l u n a r  argon 
- 
produc t ion  has acces s  t o  t h e  atmosphere.  I n  subsequent d i s c u s s l a n  va r ious  
dep th  i n t e r v a l s  of t h e  moon a r e  examined i n  terms af  a rgoa  product ion  and 
r e l e a s e  mechanisms. It w i l l  beeome apparent  t h a t  the seemingly obvious sou rce  
r eg ions  a r e  not  capab le  of c o n t i n u a l  supply of escaping argon a t  t h e  1973 r a t e .  
Lunar Surface  - Trapped argon i n  t h e  s u r f a c e  l a y e r  of t h e  s o i l  must be 
r e l e a s e d  by a s o l a r  wind weather ing  p roces s  i n  a manner similar t o  t h e  
r e l e a s e  of impJarlbed s o l a r  wind hel ium (Hodges and Hoffman, 1975) .  Typ ica l  
45 
'abundance% 9f xappesd 4: i n  r e t u r n e d  s o i l  samples a r c  w i t h i n  an  
o r d e r  of mgni tnde of 5 x c c  STP/g, I f  t h i s  number i s  taken a s  an 
e s t i m a t e  o< the average abundance of argon i n  t h e  e n t i r e  r e g o l i t h ,  then  t h e  
r a l d a s e  of t h e  2 x argon a toms/sec  needed t o  supply t h e  atmosphere 
would r e q u i r e  a weather ing  p roces s  which removes about 75 cm of s o i l  
from t h e  moon pe r  m i l l i o n  y e a r s ,  S ince  t h i s  e r o s i o n  r a t e  i s  s e v e r a l  
o r d e r s  of magnitude g r e a t e r  than  t h e  s o i l  escape  r a t e  determined by 
Fireman (1974) i t  is  n o t  r ea sonab le  t o  cons ide r  s u r f a c e  weather ing  t o  
be an impor tan t  sou rce  of a tmospheric  a rgon ,  
Rego l i t h  t o  25 km Depth - A monatonic i n c r e a s e  i n  s e i s m i c  v e l o c i t i e s  w i t h  
depth t o  about  25 km has  been exp la ined  by ~ o k s g z  e t  a l .  (1972) t o  i n d i c a t e  
a p r e s s u r e  e f f e c t  OR s o i l s  and broken rocks  n e a r  t h e  s u r f a c e ,  changing t o  
rocks  having micro and macro c racks  a t  g r e a t e r  depth .  Argon which has  d i f f u s e d  
from w i t h i n  rocks  t o  s u r f a c e  o r  f r a c t u r e  boundar ies  ohould b e  an  a tmospher ic  
sou rce ,  The ApoJ.10 15  and 16  o r b i t a l  gamma r a y  spec t rome te r  d a t a  r e p o r t e d  
by l fetxger  e t  a l ,  (1974) sugges t s  t h a t  t h e  average  potassium abundance 
of t h e  s u r f a c e  l u n a r  s o i l  i s  about  1000 ppm, wh i l e  geochemical models of Taylor  
U 
and Sakes (1974) i n d i c a t e  a c r u s t  average  sf 600 ppm. Accept ing t h e s e  
3s r e p r e s e n t a t i v e  e s t i m a t e s  c f  t h e  potass ium abundance i n  t h e  upper 25 km 
of t h e  qoon, t h e  r a t e  of arkan produc t ion  t h e r e  is  i n  t h e  range of 
3-5 x lo2' atom/sec. Release  of 2 x 1021 atom/sec ( t h e  atmospheric  -iscape 
r a t e )  would imply l o s s  of about h a l f  of t h e  argon p roduc t ion ,  Returned 
r e g o l i t h  samglee do no t  g e n e r a l l y  e x h i b i t  a d e p l e t i o n  of 4 0 ~ r  t h a t  would 
confirm t h i s  l o s s  process .  More i m p o r t a n t ,  t h e r e  is  no t ime dependent phe- 
nomenon which would vary  t h e  argon r e l e a s e  r a t e  on t h e  t ime s c a l e s  observed  
8 
i n  t h e  Apollo 17  mass spec t rome te r  d a t a .  
Lower Crust  and Upper L i thosphe re  (25 km t o  300 km) - Seismic d a t a  r e v e a l  
t h e  beginning  of a competent rock  l a y e r  a t  about 25 km depth  and an 
a p p a r e n t l y  p e t r o l o g i c a l  d i s c o n t i n u i t y  a t  about  65 km, marking t h e  upper 
boundary of t h e  mantle  ( ~ o k s 8 z  e t  a l  . , 1972) . Nearly cons t an t  s e i s m i c  
v e l o c i t i e s  sugges t  a l a c k  of  rock f r a c t u r i n g ,  The geochemical models of 
CI 
t h e  l u n a r  i n t e r i o r  of Taylor  and Jakes  (1974) i n d i c a t e  t h a t  about  70% of 
t h e  moon's po tass ium has  been ~ a p t u r e d  i n  t h i s  r eg ion  by d i f f e r e n t i a t i o n ,  
However, t h e  r e l e a s e  of enough r a d i o g e n i c  argon from s o l i d  rock  t o  supply  
e s c a p e  is  n o t  a p r a c t i c a l  p o s t u l a t e ,  even i f  i n c r e a s i n g  tempera ture  w i t h  
d e p t h  i s  cons idered  t o  i n c r e a s e  t h e  argon d i f f u s i o n  v e l o c i t y ,  Again t h e r e  
is  no p r a c t i c a l  mechanism t o  cause  temporal  changes in t h e  r e l e a s e  r a t e .  
Lower Li thosphere  (300 km t o  1000 km)- D i f f e r e n t i a t t a r  LB though? t o  have 
d e p l e t e d  t h i s  r eg ion  of potassium (Taylor  and ~ a k e y ,  1974) s o  i t  should 
n o t  be  a sou rce  of argon. 
Asthe1.losphet~'(Be~sw'2000'lcm)'- The c e n t r a l  p a r t  of the  moon is  thought  
- 
t o  be  semimolten because s e i s m i c  shea r  waves a r e  a t t e n u a t e d  below 1000 km 
(Latham e t  a l . ,  .1973),  Two v i a b l e ,  a l t e r n a t e  models of t h i s  as thenosphere  
have  been proposed by Taylor  and .fake: (1974). One is  a conven t iona l  
Fe-FeS c o r e  formed e a r l y  i n  lunar evo iu t ion .  I f  t h e  p roces s  of format ion  
of such a c o r e  should have f r a c t i o n a t e d  t h e  e n t i r e  moon, d i s p l a c i n g  
a l l  po tass ium from t h e  c o r e ,  t hen  t h e r e  i s  no apparent  exp lana t ion  of the 
a tmospher ic  argon.  However, a c o r e  i n  which potassium has  been conc-entrated 
is  a p l a u s i b l e  source  of a rgon .  
U 
The a l t e r n a t i v e  as thenosphere  model of Taylor  and Jakes  (1974) is  
a r e g i o n  of p r i m i t i v e  u n f r a c t i o n a t e d  m a t e r i a l ,  remnant of a n  e a r l y  me l t i ng  
of t h e  o u t e r  1000 km of t h e  moon. The p r e s e n t  p a r t i a l l y  molten s t a t e  of 
t h e  as thenosphere  commenced a f t e r  f r a c t i o n a t i o n  of  t h e  l i t h o s p h e r e ,  and 
is  maintained by r a d i o a c t i v e  decay of K., Th and U s  About 8% of  t he  moon's 
po tass ium should be t r apped  below 1000 km i f  t h e  whole moon average  po- 
t a s s ium abundance i s  100 ppm. This  i s  s u f f i c i e n t  t o  supply  t h e  atmosphere 
provided  t h a t  a l l  of t h e  argon e scapes ,  which i n  t u r n  seems t o  i n p l y  t h a t  
e i t h e r  t h e  semimolten s t a t e  is  p e r v a s i v e  of t h e  e n t i r e  as thenosphere ,  
or  t h a t  the  as thenosphere  has  g r a d u a l l y  f r a c t i o n a t e d  t o  form pockets  
of m a t e r i a l  r i c h  i n  K ,  Th and U ,  which a r e  n a t u r a l l y  h o t  and from which 
argon can r e a d i l y  escape.  
The only appa ren t ,  v i a b l e  exp lana t ion  of t h e  l u n a r  a tmospher ic  
argon i s  t h a t  i t  e f f u s e s  from a semi-molten as thenosphere .  I n  a d d i t i o n ,  
i t  i s  neces sa ry  t h a t  t h e  potassium abundance i n  t h e  as thenosphere  be a t  
l e a s t  as g r e a t  as t h e  whole moon average  of 100 ppn. 
The mechanism of conduct ion of argon from t h e  as thenosphere  t o  t h e  
atmosphere can  b e  con jec tu red  t o  ixwolve a p e r c o l a t i v e  p roces s  i n  which 
t h e  g a s  c o l l e c t s  e i t h e r  i n  bubble- l ike a r e a s  n e a r  t h e  1000 km dep th ,  o r . '  
i n  v o i d s  n e a r e r  t h e  l u n a r  s u r f a c e ,  Subsequent i n c r e a s i n g  p r e s s u r e  could  
f o r c e  t h e  opening of deep f i s s u r e s ,  caus ing  sudden r e l e a s e  of gas  t o  t h e  
atmosphere.  
A c o r r e l a t i o n  of i n c r e a s e s  i n  t h e  atmospheric  argon supply  r a t e  
w i th  the high-frequency l u n a r  t e l e s e i s m i c  even t s  r e p o r t e d  by Nakamura 
e t  a l e  (1974) was d i scussed  e a r l i e r  ( c f .  F igu re  2 .  2 Time r e s o l u t i o n  
of t h e  a rgon sou rce  is  n o t  s u f f i c i e n t l y  a c c u r a t e  t o  e s t a b l i s h  t h a t  t h i s  
c o r r e l a t i o n  i s  n o t  f o r t u i t o u s ,  bu t  i t s  e x i s t e n c e  s u b s t a n t i a t e s  t h e  above 
p r e s s u r e  r e l e a s e  hypo thes i s .  I n  a d d i t i o n ,  t h e  s e i s m i c  c o r r e l a t i o n  s u p p o r t s  
the hypothes is  advanced by Hodges and Hoffman (1974a) t h a t  a rgon  r e l e a s e  
may be t h e  cause  of some moonquake a c t i v i t y .  The amount of s e i smic  
energy a v a i l a b l e  from t h i s  p roces s  has  an upper bound equal  t o  t h e  
s t o r e d  energy p r i o r  t o  r e l e a s e  ( i . e .  p r e s s u r e  times volume). A t  
300 K t h e  average  argon escape rate could supply  about  2 x 1015 e r g s  
pe r  y e a r ,  which i s  of t h e  same o r d e r  of magnitude a s  t h e  bound on t h e  
t o t a l  r a t e  of s e i smic  energy r e l e a s e  from t h e  moon r e p o r t e d  by Latham 
et a l .  (1972).  
Helium: S o l a r  Wind-R.egolith I n t e r a c t i o n  
The sou rces  of hel ium i n  t h e  l u n a r  atmosphere a r e  t h e  a 
p a r t i c l e s  s u p p l i e d  by s o l a r  wind i m p l a n t a t i o n  i n  t h e  r e g o l i t h  and by 
decay of 2 3 2 ~ h  and 2 3 8 ~  w i t h i n  t h e  moon. Johnson e t  a l .  (1972) have 
reviewed t h e  a v a i l a b l e  s o l a r  wind d a t a  and concluded t h a t  t h e  average  
7 a p a r t i c l e  f l u x  is about  4.5% of t h e  p ro ton  f l u x  o r  about  1.3 x 10 cm-2 
- 1 
s e c  . Thi s  should r e s u l t  i n  a  helium supply of 1 .3  x a toms/ rec  on 
t h e  moon. The r a t e  of product ion  of r ad iogen ic  helium i n  t h e  moon can 
be e s t ima ted  by assuming t h e  bulk  moon abundance of Th t o  be 0.23 ppm 
w 
and U t o  be  0.06 ppm ( c f .  Taylor  and J a k e s ,  1974).  
Decay of t h e s e  elements  t o  s t a b l e  l e a d  r e s u l t x  i n  a  t o t a l  hel ium source  
of  1 . 2  x l o z 4  atoms/sec.  I f  K ,  U and Th d i s t r i b u t i o n s  i n  t h e  moon a r e  
s i m i l a r  t hen  t h e  mechanism f o r  r e l e a s e  of  hel ium should  be t h e  same a s  
t h a t  of 4 0 ~ r ,  and hence t h e  r a t e  of supply  of r a d i o g e n i c  he l ium t o  t h e  
l u n a r  atmosphere should  b e  about  a toms/sec:  Thus t h e  t o t a l  a v a i l a b l e  
sou rce  of l u n a r  a tmospher ic  helium is about  1 . 4  x a toms/sec .  
- k 
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- ' ~ i $ u r e  3 shows t h e o r e k i c a l  and average  exper imenta l  d a t a  on 
" - 
t h e  s y n o d i c  v a r i a t i o n  of  hel ium a t  t h e  Apollo 1 7  s i t e  (20" l a t i t u d e ) .  
The s o l i d  l i n e  r e p r e s e n t s  a  numer ica l ly  smoothed model o b t a i n e d  from a  
Monte Ca r lo  c a l c u l a t i o n  i n  which 180 impact zones were d i s t r i b u t e d  
l o n g i t u d i n a l l y  i n  t h e  20" l a t i t u d e  r eg ion .  Amplitude of t h e  model 
d i s t r i b u t i o n  i s  based on  a  sou rce  e q u i v a l e n t  t o  t h e  average s o l a r  wind 
2  4  
i n f l u x  of  1 .3  x 10 atomslsec.  . 
.- -- - . 
The expe r imen ta l  d a t a  p o i n t s  i n  F igu re  3 a r e  from Hodges and 
Hoffman (197;g)'. Each p o i n t  corresponds t o  an average o f  a l l  a v a i l a b l e  
measurements i n  an 18" increment of l ong i tude .  E r ro r  Ears  r e p r e s e n t  
t h e  s t a n d a r d  d e v i a t i o n  of t h e s e  b locks  of d a t a ,  b u t  they  i n d i c a t e  s y s t e m a t i c  
ORI(;MAL PAGE IS 
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temporal changes i n  helium abundance rath+.+.: t h a n a  u s e f u l  parameter  of 
t h e  s t a t i s t i c a l  d i s t r i b u t i o n  of t h e  d a t a .  The measurements were confined 
t o  l u n a r  n ight t ime.because  of i n s t rumen t  o p e r a t i o n a l  c o n s t r a i n t s ,  b u t  
t hey  sugges t  a  q u a l i t a t i v e  correspondence of t h e  a c t u a l  atmosphere w i t h  
t h e  t h e o r e t i c a l  model. 
I n  F igu re  3 i t  is  ev iden t  t h a t  t h e  a c t u a l  hel ium abundance 
i s  only about  70% of  t he  model v a l u e ,  and hence t h e  average  hel ikm 
sburce  i n  1973 was .probably about  9  x a toms/sec .  S u b t r a c t i n g  t h e  
r a d i o g e n i c  sou rce ,  t h e  s o l a r  wind must have s u p p l i e d l a b o u t  8 x 10 23 
a toms/sec ,  o r  about  60% of t h e  average  s o l a r  wind a p a r t i c l e  i n f l u x .  An 
1 
e x p l a n a t i o n  of t h e  appa ren t ly  low atmospheric  supply  r a t e  is  p r e s e n t e d  
l a t e r ,  
A d e t a i l e d  h i s t o r y  of t h e  hel ium d a t a ,  s5own i n  F igu re  It, 
. r e v e a l s  numerous d e v i a t i o n s  from t h e  smooth model of  t h e  synod ic  v a r i a t i o n .  
I n  t h e s e  graphs t h e  d a t a  has  been s u b j e c t e d  t o  3 hour a v e r a g i n e ,  co r r e s -  
ponding roughly t o  t h e  a tmospher ic  e q u i l i b r a t i o n  t i m e ,  s o  t h a t  t h e  r a t i o  
of t h e  measured concen t r a t ion  t o  t h e  model v a l u e  a t  t h e  same l o n g i t u d e  
i s  p r o p o r t i o n a l  t o  t o t a l  a tmospher ic  abundance a t  any t ime.  The obviaus  
d e v i a t i o n s  from t h e  model d i s t r i b u t i o n  could on ly  have occu r red  a s  
responses  of t h e  atmosphere t o  sudden i n c r e a s e s  i n  t h e  t o t a l  amount of 
hel ium on t h e  moon. T h e i r  ampl i tudes  appear  t o  b e  t o o  g r e a t  t o  be  
accounted f o r  by v a r i a t i o n s  i n  t h e  r a t e  of e f f u s i o n  of r a d i o g e n i c  he l ium 
from t h e  i n t e r i o r  of t he  moon. 
The a n a l y s i s  of Hodpes and Hoffman (1974b) showed a c o r r e l a t i o n  
of t h e  v a r i a b i l i t y  of l u n a r  a tmospher ic  helium wi th  t h e  geomagnetic i ndex  
LONGITUDE 
F i g u r e  3 
Syr'odic v a r i a t i o n  of t h e  hel ium c o n c e n t r a t i o n  a t  t h e  Apollo 17 s i t e .  
S o l i d  curve  is  t h e  atmospheric  model w i t h  escape  equa l  t o  s o l a r  wind 
inf lux.  Data p o i n t s  a r e  averages  on a l l  measurements i n  18' i n t e r v a l s  ' 
of sun  r e f e r e n c e  l o n g i t u d e .  
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Kp, and hence w i t h  t h e  s o l a r  wind. Th i s  ;na lys i s  was based on t h e  
e q u a t i o n  of c o n t i n u i t y  
where m s  is t h e  e q u i v a l e n t  s o l a r  wind sou rce  f l u x  of u p a r t i c l e s  n e c e s s a r y  
t o  supp ly  a tmospher ic  e scape ,  m o  is t h e  f l u x  used i n  t h e  model c a l c u l a t i o n  
7 -2 (1.35 x  10 cm s e c - I ) ,  n  i s  t h e  t h r e e  hour average  of  t h e  measurrd 
c o n c e n t r a t i o n ,  n  is model c o n c e n t r a t i o n  a t  t h e  cor responding  l o n p i t u d e ,  
0 
and T i s  thk  average  a tomic  l i f e t i m e  f o r  hel ium on t h e  moon. Note t h a t  
t h e ' i n s t a n t a n e o u s  escape  r a t e  i s  4 n/no .  The average atomic l i f e t i m e  
0 
f o r  helium, T ,  based on Monte Carlo atmospheric  modeling appea r s  t o  be 
about  2 x l o 5  s e c .  
. . 
F i g u r e  5 shows t h e  c o r r e l a t i o n  of 4 t h e  e q u i v a l e n t  s o l a r  wind 
s ' 
. . 
5 
a p a r t i c l e  f l u x ,  w i th  t h e  geomagnetic index Rp f o r  t h e  2 x 1 0  s e c  
l i f e t i m e .  C i r c l e s  r e p r e s e n t  average  f l u x  v a l u e s  i n  each  i n c r e n e n t  of  
Kp, whi le  e r r o r  b a r s  g i v e  t h e  s t a n d a r d  d e v i a t i o n s  o f  t h e s e  f l u x e s .  The 
uppe r  graph g i v e s  t h e  number of  hour s  of d a t a  a v a i l a b l e  a t  each  v a l u e  
of Kp. I n d i v i d u a l  f l u x  va lues  a r e  p l o t t e d  f o r  t h e  i n f r e q u e n t  c o n d i t i o n  
-. -.* 
The s t r a i g h t  l i n e  shown i n  F igu re  5 g ives  t h e  l i n e a r  mean s q u a r e  
r e g r e s s i o n  o f  a l l  of t h e  f l u x  v e r s u s  Kp d a t a .  It shows t h a t  t h e  equi-  
v a l e n t  s o l a r  wind a p a r t i c l e  f i u x  needed t o  supply  t h e  l u n a r  atmosphere 
h a s  t h e  approximate r e l a t i o n s h i p  
6 -2 -1 
+s 
= ( 5 . 6  + 1 .9  + 0.44 x Kp) x  10  cm s e c  
- 
Figure 5 
Correlation of Kp with the equivalent solar wind source flux needed t o  
supply helium escape, 
The s l o p e  o f  t h e  r e g r e s s i o n  l i n e  i n  F igure  5 is  no t  as s t e e p  
. .. 
as might be  expec ted  from t h e  d a t a  on Kp c o r r e l a t i o n s  w i t h  t h e  s o l a r  
wind r e p o r t e d  by Wilcox e t  a l .  (1967) and t h e  r e s u l t s  of Hi rshberg  e t  
a l .  (1972).  However, t h e  appa ren t  r e l a t i o n s h i p  of t h e  e q u i v a l e n t  l u n a r  
a tmospher ic  sou rce  f l u x  d a t a  and Kp has' been numer ica l ly  confirnied t o  have 
. a c o r r e l a t i o n  c o e f f i c i e n t  of 0.31. The re fo re ,  i t  can b e  concluded t h a t  
w h i l e  t h e  l u n a r  atmosphere may depend on s e v e r a l  hel ium s o u r c e  mechanisms, 
one of t h e s e  i s  c l e a r l y  r e l a t e d  t o  Kp and hence t o  t h e  s o l a r  wind. S ince  
a p a r t i c l e s  impact t h e  moon w i t h  e n e r g i e s  of about  4 keV, t h e  s o l a r  wind 
mechanism probably does not i nvo lve  t h e  immediate n e u t r a l i z a t i o n  of 
impact ing  a p a r t i c l e s ,  bu t  r a t h e r  a  process  of r e l e a s e  of p r e v i o u s l y  
t r a p p e d  s o l a r  wind hel ium from s o i l  g r a i n s .  
Presumably t h e  average r a t e  of a c c r e t i o n  of a p a r t i c l e s  by 
the l u n a r  r e g o l i t h  n e a r l y  equa l s  t h e  average  r a t e  of r e l e a s e  o f  p r e v i o u s l y  
I 
t r apped  helium from t h e  s o i l ,  w i t h  a  s l i g h t  unbalance due t o  t h e  absorp-  
t i o n  of hel ium by p rev ious ly  unexposed m a t e r i a l  which has  r e c e n t l y  been 
b rdugh t  t o  the  l u n a r  s u r f a c e  by meteor  impacts .  D i f f u s i o n  must account  
for p a r t  of t h e  r e l e a s e  of t rapped  hel ium from t h e  s o i l ,  b u t  t h e , s o l a r  
wind r e l a t e d  component is  probably of g r e a t e r  importance.  
A weather ing  p roces s  due t o  t h e  s o l a r  wind could account  f o r  
t h e  s o l a r  wind c o r r e l a t e d  p a r t  of t h e  helium s o u r c e  (Hodges and Hoffman, 
1975b). The proton i n f l u x  m y  cause  s p u t t e r i n g  of s o i l  g r a i n  s u r f a c e  
.. . 
 ater rial, r e s u l t i n g  i n  v o l a t i l i z a t i o n  of m ~ n y  e lements ,  i nc lud ing  t rapped  
he l ium,  This mechanism has  been proposed by Uousley (1974) a s  an impor tan t  
means o f  both l a t e r a l  t r a n s p o r t  and escape ,  The f a c t  t h a t  t h e  p r e s e n t  
daka seen  t o  show a  d e f i c i t  of a tmospheric  hel ium, based on t h e  average  
s o l a r  wind sou rce ,  sugges t s  t h a t  some helium may be l o s t  from t h e  moon a s  
s p u t t e r e d  i o n s  o r  a s  super thermal  atoms which would no t  have been d e t e c t e d  
by t h e  .4pollo 1 7  mass spec t rometer  because i t s  f i e l d  of view was l i m i t e d  t o  
nonescaping , downcoming atoms. The low energy f r a c t i o n  of s p u t t e r e d  
he l ium could be t h e  s o l a r  wind c o r r e l a t e d  sou rce  of l u n a r  atmosphere.  
If t h e  hypo thes i s  of r e l e a s e  of t rapped  s o l a r  wind hel ium from 
t h e  l u n a r  s o i l  by s p u t t e r i n g  is c o r r e c t ,  t hen  t h e  a p a r t i c l e  f r a c t i o n  
of t h e  s o l a r  wind i s  no t  r e l a t e d  t o  t h e  unexpectedly low helium abundanca 
i n  t h e  luna r  atmosphere i n  t h e  1973 measurements. The s p u t t e r e d  helium 
e f f u s i o n  r a t e  must r e p r e s e n t  a  v e r y  long term average of t h e  s o l a r  wind 
he l ium implan ta t ion  r a t e ,  modulated by va r i a t i on ' s  i n  t h e  weather ing  
a g e n t :  t he  i n s t a n t a n e o u s  i n f l u x  of s o l a r  wind momentum. 
I n  summary i t  appears  t h a t  t h e  average r a t e  of escape  of 
2 3 he l ium from t h e  thermal ized  l u n a r  atmosphere is  about  9  x LO atoms/ 
sec, of which 10% i s  probably supp l i ed  by r a d i o a c t i v e  decay of Th and U 
i n  t h e  moon. The remaining atmospheric  hel ium escape  amounts t o  60% 
of t h e  average  s o l a r  wind inf low of a p a r t i c l e s .  The c o r r e l a t i o n  of a tmospher ic  
hel ium wi th  t h e  geomagnetic index  Kp s u ~ g e s t s  s o l a r  wind weather.ing of  
the  s o i l  t o  be  an impor tan t  mechanism f o r  r e l e a s e  of p rev ious ly  implanted 
s ~ l a r  wind helium. A super thermal  o r  i o n i z e d  component of t h e  hel ium 
- -  . 
r e l e a s e d  by t h e  s u r f a c e  weather ing  process  seems t o  be  needed t o  account  
f o r  escape of t h e  40% of t he  s o l a r  wind helium which does n o t  p a r t i c i p a t e  
in t h e  formation of t h e  l u n a r  atmosphere. Recent Monte Carlo c a l c u l a t i o n s  
show t h a t  a n e u t r a l  atom r e l e a s e  tempera ture  o f  1900°K would e x p l a i n  t h e  
Apollo 17 d a t a .  
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